One-dimensional nanostructures hold the most attractive and excellent physiochemical characteristics which exhibit the paramount infl uence on the fundamental and technological nanoelectronic as well as nanophotonic applications. In this review article, we present a detailed introduction to the diverse synthetic procedures which can be utilized for the fabrication of single-, planar-and three-dimensional ZnO nanostructures. More specifi cally, a thorough discussion regarding luminescence characteristics of the one-dimensional ZnO nanostructures is presented for ultraviolet and visible regions. We summarize the room temperature spontaneous emission and stimulated emission along with the interaction of the incident beam with material cavity to produce resonant optical modes and low-temperature time resolved photoluminescence studies. The most recent published results on the white light emitting diodes fabricated with the combination of ZnO nanotubes with p-GaN and ZnO nanorods with p-organic polymers on glass and disposable paper are discussed. Additionally, the signifi cant results on optically and electrically pumped lasers are discussed; along with an overview on the future of ZnO nanostructures based photonic devices.
Introduction
Zinc oxide, a promising semiconducting material, has attained become increasingly important due to its direct wide band gap ( ∼ 3.37 eV) and large exciton binding energy ( ∼ 60 meV) [1, 2] . It has been extensively exploited in a broad range of applications such as; ultraviolet lasers [3, 4] , light-emitting diodes [5 -7] , fi eld emission devices [8, 9] , chemical and biological sensors [10, 11] , solar cells [12, 13] , piezoelectric nanogenerators [14 -16] . Additionally, ZnO being a biocompatible and bio-safe material makes it potentially useful for biomedical applications [17 -21] . The realization of the unique capability of ZnO to exhibit semiconducting and piezoelectric characteristics simultaneously along with the discovery of plentiful nanostructures such as; nanowires [22] , nanotubes [23] , nanobelts [24] , nanocolumns [25] , nanoneedles [26] , nanoplate [27] , nanosheets [28] , nanoribbons [29] etc., have increased the attention given to it owing to its distinct physicochemical features as well as its outstanding applications in assembling nanoscale electronic and optoelectronic devices. Recently a number of its fascinating complex nano-and micro-scale structures have also been realized, such as; cactus [30] , pods [31] and nails [32] , trees [33] , blades [34] and other countless morphologies [35 -45] etc., depicting a profuse progress in this new emerging class of nanomaterials. Some of the ZnO nanostructures are shown in the Figures 1 and 2 [46] . In recent years, control over morphology, size, density and crystal orientation of these materials have received tremendous consideration due to the fact that they play very important roles in determining electrical, optical, and other properties. Along with above mentioned factors, the quality of nanostructures strongly depends on the methods used for their growth; hence it will be of great interest to compare different methods regarding their merits and demerits. Up to now, a wide range of techniques have been utilized to synthesize ZnO materials with different morphologies, for example: metal-organic chemical vapor deposition (MOCVD) [47, 48] , physical vapor deposition (PVD) [49] , molecular beam epitaxy (MBE) [50] , thermal oxidation [51] , hydrothermal [52, 53] and pulsed laser deposition [54, 55] . Briefl y, high quality ZnO nanowire arrays have been synthesized utilizing MOCVD and MBE but they have been less widely implemented due to poor deposition uniformity, low product yield, limited choices of substrate and high experimental cost.
Physical vapor deposition generally demands a high temperature, that is why they are less likely to be able to integrate with fl exible organic substrates for future foldable and portable electronics. Also, they can easily incorporate catalysts or impurities into the ZnO nanostructures. Nanostructures grown by electro-deposition methods are either amorphous or polycrystalline consisting of small domains with an abundance of defects, which might greatly hinder their applications in optoelectronic devices. In solution based methods, the nanostructures can be easily grown at a relatively low temperature on large-scale substrates and are well-suited with cheap and fl exible organic substrates. Moreover, these methods are low cost, less hazardous, there is no need for the use of metal catalysts, and thus they can be integrated with well-developed silicon technologies. However, the crystalline quality is not perfect as compared to high temperature growth methods. However, thermal annealing at appropriate temperature and/or under suitable environments could be used to improve the optical properties of these nanostructures. Doping and alloying are also used by some research groups to improve the quality. ZnO is an inherent n-type semiconductor due to the presence of unavoidable oxygen vacancies and/or zinc interstitials. Additionally, it possesses a huge variety of the extrinsic and intrinsic deep defect states which are considered as responsible for the broad visible emission spectrum covering the whole visible range. Several features and review articles have extensively summarized the synthetic procedures for diverse shaped ZnO nanostructures and explained their band-edge and deep defect levels related emission spectra along with applications at and beyond room temperatures conditions [56 -65] .
In this review, we will present a detailed overview regarding the optical and optoelectrical characteristics of the single-dimensional ZnO nanostructures. More specifi cally, we analyzed the spontaneous and stimulated emission spectra for ultraviolet and the visible range at below and room temperature conditions. ZnO nanostructured based photonic devices, LEDs and lasers, they have been investigated and diverse possible combinations, such as, homo-and heterostructures (inorganic/inorganic and inorganic/organic), for the Figure 3 Low temperature PL spectra measured for the temperature range 10 -150 K for ZnO nanobelts (reproduced with permission) [66] .
pn-junction are discussed. Additionally, the conclusions and future of ZnO based nanodevices has been presented.
Spontaneous emission
Emission characteristics of ZnO nanostructures have been intensively studied through photoluminescence (PL), cathodoluminescence (CL) and electroluminescence (EL) at ambient room temperature conditions. The most paramount advantageous parameters of the ZnO nanostructures are the effortless achievement of the strain free higher crystalline quality, large surface area to volume ratio and singly oriented synthesis compared to thin fi lms. A good approach is to perform low temperature PL studies which enable us to investigate the electronic states of ZnO and freezes the contribution coming from the non-radiative recombination, emission related to defect states or other thermal processes. One-dimensional nanostructures are of particular interest, which paves a way for the temperature dependent studies for excitonic state levels and their possible use for future nanophotonic devices [63] . Low temperature-dependent PL spectra of ZnO nanoribbons measured at the temperature range from 10 to 150 K have been plotted on a logarithmic scale, as illustrated in Figure 3 . The spectrum measured at 10 K illustrates a dominant peak position at 3.36 eV related to the neutral-donor bound exciton and the emission peaks with lower intensity towards increasing values of energy such as; 3.377, 3.388 and 3.42 eV etc. have been ascribed to free-exciton recombinations. Moreover, a donor could form in the excited state as a result of the transition related to the radiative recombination from donor bound excitons and this transition called the two-electron satellite transition is related to the peak at 3.33 eV [67 -69] . All the peaks towards the lower energy positions, grouped in D ° X-n LO and FX-n LO (n = 1, 2,3), are assigned to the replicas from the neutral-donor bound and free-excitons with typical separation of 72 meV providing a good corroboration with previously reported values for ZnO crystal [70] .
With increasing values of temperature, the intensities of the FX and its phonon replicas increases, and the emission intensity for neutral-donor bound exciton and its replica decreases with the increasing values of temperature which can be associated with the rapid thermal ionization of bound excitons and presence of higher density of free excitons at ground states [66] .
The room temperature PL spectra recorded from diverse ZnO nanostructures reveal variations in the ultraviolet (UV) emission peak position but also in the emission intensity depending on their structural crystalline quality, concentration of the native defect states, surface morphology and interaction of the incident beam with the nanostructure [71 -77] . Comparative PL spectra have been measured from ZnO nanorods and nanotubes, keeping same acquisition parameters, with the peak positions at 377 and 389 nm, respectively, as illustrated in Figure 4 .
The strong enhancement in the emission intensity from ZnO nanotubes spectrum might be understood by considering the behavior of thin nanowalls of nanotube like a resonant cavities where incident beam enters in the ZnO tubular structure and endorses the total internal refl ection with the thin nanowalls [23] . Light can travel inside the nanotubes from top to bottom in a spring-like shape by producing all possible types of resonances i.e., (i) Fabry-P é rot modes, (ii) quasi-whispering gallery modes, and (iii) whispering gallery modes [78] . The optical modes not only produce long lasting emission but also enhance the emission intensity on each and every striking with the walls compared to the ZnO nanorods. However, several factors may play crucially important roles in shifting the UV emission peak towards the higher wavelength. Firstly, the resonance of the emission peaks are completely dependent on the diameter of the cavity/nanotube, so the emitted wavelengths from nanotubes, having the diameter 
Figure 4
Room-temperature PL spectra from ZnO nanorods and nanotubes related to band-edge emission [23] .
ranging from 125 to 275 nm, will have slight variations in their wavelength compared to each other. Considering these small variations in the wavelength one could expect the overlapping of all the distributed refl ected resonant wavelengths which can form a big Gaussian peak [79] . However, the center of the peak position could take the position related to the higher density of these smaller emissions from individual nanotubes. Secondly, the number of total internal refl ections of the incident with nanowalls might generate heat which leads to the shrinkage in the bandgap of the material resulting into the red-shift in the emission peak [80] . Lastly but more signifi cantly, the variation in the concentration of the native defect states present in the nanostructure might infl uence the band edge emission peak position which has been considered as a major parameter for variation in the peak position related different nanostructures. In addition, graphical and spectral results measured through time resolved PL spectroscopy reveal a much better lifetime for ZnO nanotubes as compared to ZnO nanorods, as shown in Figure 5 A -C. The presented results for longer lifetime demonstrate good corroboration with the enhanced PL emission from nanotubes which further endorses variation in the contribution of non-radiative recombination centers in both nanostructures.
Another signifi cantly important parameter is the difference in the surface area to volume ratio which results in the higher concentration of the surface defect states among nanostructures as well as with their bulk counterpart [82] . Generally, both acceptor-and donor states are present in the bandgap of the n-type ZnO material and the conduction band electrons occupy acceptor defect states through reducing their energy [83] . Consequently, the positively ionized donor balance the negative charge generated by the electrons and originated built-in fi eld, and corresponding electrostatic potential which induces energy band bending in an upward direction by creating a depletion region away from the surface. The inverse proportion among the size and surface area to volume ratio of the materials provides the confi rmation of the variation in the PL emission intensity due to large surface and enhanced band bending effect in the smaller nanostructures [84 -86] as shown in the Figure 6 . More detailed discussion is available in the previously reported results [81] .
Numerous research reports related to the peak position of the ZnO nanostructures have been published earlier, where many researchers proposed the correlation among the blueshifted ultraviolet peak position and quantum size effect in the ZnO nanostructures. However, this suggestion does not seem realistic due to large difference between size of presented nanostructures and the Bohr radius (2.34 nm) for ZnO material [87] . The density of the defect levels is another factor which can alter the position and shape of the ultraviolet emission peak, so the understanding regarding different defect states related emission and their origin are signifi cantly important. In addition, the ratio of the intensity of emission peaks related ultraviolet and defect band emissions, measured with the same acquisition parameters and ambient conditions, can be very useful in fi nding a comparison of the various samples [65] . These extrinsic and intrinsic defect states [81] .
Depletion region Depletion region Depletion region Bulk grain region
Nanorods Nanotubes in the ZnO material are of huge signifi cance and could be very useful for the fabrication of nanodevices, specifi cally LEDs which are fabricated through the combination of the n-type and p-type semiconducting materials. The fabrication scheme of LEDs could be designed through the fabrication of the homo-or hetero-junction of ZnO nanostructures. The homostructured LEDs can provide several advantages not only in the ease of the fabrication process but also to improve the effi ciency of the emission devices [88] . A pioneering work on the fabrication of homo-structural light emitting diode of ZnO has been reported by Tsukazaki et al. [89] and since then a number of research reports have been published on the fabrication of homojunction devices. Another interesting contribution is made by Hsu et al. [90] by fabricating a ZnO homojunction with the combination of the undoped p-type ZnO nanowires and n-type ZnO nanowires. However, stable and reliable p-type doping in ZnO material is still a long-term challenge for the researchers, although a lot of effort has been put into this over the last decades. Two types of the fabrication techniques are currently being utilized to develop p-type ZnO through aqueous and vapor routes where doped material could be done by post treatment method or by intrinsic methods.
Mechanism for the p-doping in ZnO can be understood by the simple procedure where the doping atoms (Group I or Group V) are diffused in/through the dislocations and defects present in the crystal and replace the zinc or oxygen atoms [61] . However, the main obstacle for the stable, reliable and high quality p-type material lies in the fact that ZnO has self-compensation characteristics which arises from hydrogen impurities as well as from high concentration of native defects [90] . Photo-and electro-luminescence spectra of singly crystalline substrate and p-type ZnO nanowire depict blue emission and red/infrared broad emission band under bias condition and the digital optical image is shown in the inset of the Figure 7 . The broad band emission in the visible range has been assigned to the electroplex emission as this emission peak is absent in the PL spectra, however, the blue emission has been assigned to the excitonic recombination [90] . Moreover, the nanostructures based LEDs provide superior characteristics through the fabrication of the nanojunction and the large surface area of the nanostructures is considered as a signifi cant difference compared to the thin fi lms or bulk counterparts. Besides the many advantages, the large surface area to volume ratio of the nanostructures could create problems in the optoelectronic applications due to the dominant rate of surface recombination. The rate of the surface recombination, the lifetime of the carriers and their infl uence on the effi ciency of the light emitting devices are discussed in detail in ref. [91] . 
Figure 7
Photoluminescence (red dashed curve) and EL (black solid curve) spectra for a p-ZnO nanowire array grown on n-ZnO single crystal substrate. Spin-on-glass was used as an insulating layer to fi ll up the space between the nanowires. The inset image shows the LED when lit up (reproduced with permission) [90] . Considering the achievement of stable and reliable p-type ZnO material as a major problem, n-type ZnO has been utilized to fabricate heterojunctions and a variety of inorganic/ organic p-type materials are being tested [92 -99] . Among the other materials, p-type GaN is a well-established and popular material for basic research and industrial applications of ultraviolet photonic devices due to the strong resemblance in the lattice matching, optical and electrical abilities and large energy bandgap in both cases [100 -102] [103] . The fabrication of the device has been carried out through the spin coating of photo resistance in order to prevent leakage current among vertically oriented ZnO nanotubes and reactive ion etching to expose the top edge of ZnO nanotubes followed by the deposition of ohmic metal contacts on ZnO and GaN.
A comparative analysis of emission spectra measured at applied voltage of 25 V from the LEDs fabricated through the combination of (i) ZnO nanorods/GaN and (ii) ZnO nanotubes/GaN is illustrated in Figure 8 . It has been noticed that ZnO nanotubes based on a light emitting device has much stronger emission intensity compared to nanorods samples. The corresponding digital photographs of emission from LEDs at fi xed applied voltage are also shown in the insets and it can be clearly seen that the emission from ZnO nanotubes based device holds better emission characteristics.
The emission mechanism from the pn-junctions is controversial, highly complex and has been extensively investigated since half of the century or so. The physical origin of the peak position at 450 nm is still controversial and generally this peak position has been assigned to the transition of the carriers from zinc interstitial to zinc vacancy by some investigators [104 -106] , while recombination at the deep magnesium acceptors present in GaN are considered as a source of this peak by others [107, 108] . Recently reported results demonstrate that ZnO nanotubes show low turn-on voltage and better conductivity with higher current growth rate compared to ZnO nanorods [109, 110] . So, the higher injection of the carriers from the ZnO nanotubes to the GaN eventually enhances the radiative recombination in the ZnO nanotubes for the stronger emission of ultraviolet-blue emission peak. The broad emission peak with the center at around 560 nm have been assigned to the variety of defect states present in the ZnO nanostructures and possible recombinations of the carriers [61, 111 -114] . The strong emission peak from ZnO nanotubes is the result of the etching procedure during their fabrication process. The higher porosity and surface area to volume ratio of the nanotube possess much higher concentrations of surface defect states which can contribute effectively in order to enhance the emission characteristic in the visible range, resulting in an intense white light and high color rendering index (CRI) approaching 100, as illustrated in Figure 9 A and high resolution image of 3-MacAdam ellipses shows the CRI values at different values of injection currents ( Figure 9B ). Moreover, the aqueous chemically grown ZnO nanorod possesses a lot of bubbles in its central core while the bubbles are not visible in the half way etched portion of the nanorod, as shown in Figure 10 A. This absence of the small bubbles has been correlated to the non-radiative recombination centers in the ZnO nanorods which not only suppress the emission intensity but also affect the effi ciency of the light emitting devices [115] . A comparative analysis reveals that a large number of intrinsic surface defect states are present on the nanowalls of ZnO nanotubes in the dark fi eld image which could be formed during the etching process, Figure  10B . However, on the contrary bright fi eld image of nanotube shows as mooth and clear surface of the nanowalls confi rming its external impurity free surface, Figure 10C .
On the other hand, low temperature solution based synthesis of ZnO nanostructures provides an opportunity to grow them on soft substrates to fabricate hybrid pn-junctions. Such organic/inorganic hybrid junctions have been demonstrated recently and have shown their potential as white LEDs [116 -118] . The use of p-type polymers with n-type ZnO nanorods, besides solving the problem of the p-type ZnO, will lead to avoid the use of n-type polymers in pure organic light emitting diodes, which are known to be unstable due to oxidation. Recently, the use of different p-type polymers together with a layer of (PEDOT: PSS) as a conducting and hole transport layer has been reported [116, 118] . These fabricated organic/ inorganic hybrid white LEDs have been grown at temperatures as low as 50 ° C [118] while the amorphous glass and fl exible plastic have been used as substrates. In addition, the relatively low growth temperature allows the use of disposable ordinary clean room paper as a substrate and consequently the fabrication of hybrid ZnO nanorods/polymer LED on disposable paper white has been demonstrated [119] .
The room temperature EL spectra of the ZnO/polymer hybrid white LEDs grown on glass, plastic and paper substrates together with the PFO p-type polymer layer reveal a broad emission band covering the whole visible region, as shown in Figure 11 . The EL spectrum of ZnO/polymer hybrid white LEDs consists of a blue emission at 450 nm and a broad deep level emission band centered at 551 nm. The emission at 450 nm (blue) is due to the radiative recombination in PFO and the deep levels emission (DLE) band centered at 551 nm is associated with radiative defects in ZnO nanorods. A room temperature PL spectrum of merely PFO polymer is also shown in the Figure 11 . The presented results demonstrate that the blue emission at 450 nm is due to the radiative recombination in PFO. It is essential to mention that the PFO related blue peaks are completely intermixed with the DLE band of the ZnO nanorods resulting in the single broad band. However, the UV emission of the ZnO nanorods is not detected in the EL spectra probably due to the self-absorption of the UV light by the ZnO direct bandgap and/or absorption by the PFO at the ZnO/PFO interface. To investigate the specifi c emissions contributing to these white LEDs, CL spectroscopy accompanied with Gaussian simulation have been performed. Figure 12 A shows that the room temperature CL spectra of the ZnO/polymer hybrid white LEDs grown on glass, plastic and paper substrates together with PFO demonstrate a broad emission band from 400 to 800 nm. The CL spectra exhibit UV emission at 381 nm which is related to the direct recombination of photon-generated charge carriers, a violet emission at 416 nm and a broad deep level emission band at 630 nm. A Gaussian function has been used to simulate the DLE band in order to distinguish the emission constituents, as shown in Figures 12B -D . The simulated DLE band of the white LED grown on glass substrate shows three emissions at 560 nm, 618 nm and 690 nm which are associated with the green, orange and red, respectively, as shown in Figure 12B . The Figure 12C shows the simulated DLE band of white LED on a plastic substrate with emissions at 560 nm, 618 nm and 703 nm which are associated with the green, orange and red, respectively. Similarly, the simulated DLE band of white LED grown on paper substrate shows three emissions at 560 nm, 619 nm and 695 nm which are associated with the green, orange and red, respectively, as shown in Figure 12D . The color rendering index (CRI) of the white LEDs on glass, plastic and paper are calculated to be 78, 79 and 80, respectively, while the correlated color temperature (CCT) of the white LEDs on glass, plastic and paper are calculated as 4200 K, 3900 K and 4200 K, respectively (not shown here).
Stimulated emission
ZnO is considered as a promising material to harvest the stimulated emission at ambient room temperature conditions due to its large exciton binding energy and possesses a smaller Figure 12 (A) Room temperature CL spectrum of the ZnO/polymer hybrid white LEDs grown on glass, plastic and paper substrates. CL spectra of the hybrid structure after the Gaussian fi tting on the (B) glass, (C) plastic, (D) paper substrates.
threshold compared to the plasma recombination of the electron-hole pair. A huge number of the research articles are available in the literature regarding the optically pumped based lasing from the ZnO nanostructures and thin fi lms, however, the observation of the electrically pumped lasing from ZnO is very new and rare [120 -122] . A brief review from Klingshirn [123] summarizes the fundamental properties of ZnO material and its application towards the physics of stimulated emission. The research investigations regarding the observation of stimulated emission from ZnO thin fi lms were initiated around 50 years ago and it took nearly a further 30 years for the fi rst demonstration of the high quality stimulated lasing from ZnO fi lms fabricated by utilizing vapor phase epitaxy technique [124 -128] . However, the research on the room temperature stimulated emission has been boosted with the fi rst illustration of catalytically grown ZnO nanowire based ultraviolet nanolaser by Huang et al. [129] , as illustrated in Figure 13 . Since then diverse shaped ZnO nanostructures have been reported for optically pumped room temperature lasers [130 -137] . During last decade, an electrically pumped cadmium sulfi de single wire/silicon heterojunction laser has been presented with low effi ciency [138] ; however, the homojunctions can be highly useful for the fabrication of the electrically pumped lasers with high quality emission. By considering the ZnO homojunction the achievement of the p-ZnO materials is a major obstacle while the progress in the fabrication techniques of reliable p-doped material could really lead to the development of such nanodevices. Very recent reports demonstrate the waveguide lasing from laser device constituted utilizing Sb-doped p-type ZnO nanowire and n-type thin fi lm homojunction, as shown in Figure 14 .
Moreover, the stimulated emission gathered by experimental results from nanoscale structures and thin fi lms could be explained using two well-known mechanisms such as; gain and coherent feedback mechanisms. The former mechanism could be further divided into electron-hole recombination and exciton-exciton scattering. The populous value of exciton in ZnO is directly proportional to the excitation intensity and the presence of the higher density of excitons decreases the binding energy of the material. This fact further endorses the realization of the electron-hole plasma at two to three times higher values of lasing threshold compared to the excitonexciton scattering when we deal with the objects of nanoscale dimensions, as illustrated in Figure 15 A. Time resolved spectra show a paramount effect on the emission characteristics and a sharper and intense peak has been observed in the case of stimulated emission compared to the spontaneous emission considering its smaller decay time and the full width half maximum (FWHM) of the emission peak decreases by the order of two or more for stimulated emission, as shown in Figure 15B .
Additionally, the emissions related to the exciton-exciton scattering could be achieved by the intermediate excitation density regime and exciton excited in higher states along with photon energy as a result of inelastic collision can be expressed as: [140] is the binding energy of the exciton, n = 2, 3, 4, … , ∞ is the quantum number of the envelope function, and k B T is the thermal energy. The electron-hole plasma recombination could be attained at very high excitation intensities beyond the Mott density and can be calculated using following expression [60] :
where exciton Bohr radius a B = 18 Å and exciton binding energy E b ex = 60 meV for ZnO bulk. On the other hand, the coherent feedback mechanism in materials could also be understood from coherent resonances and random lasing. Generally, the cavity resonances are associated with the engineered systems and additional opportunities and complexities can be expected from the objects having fi nite dimensions and morphologies [79, 141 -148] . One of the most important parameters is the size compatibility of the object with the wavelength, in addition, morphology also holds a crucial role to harvest the desired a optical characteristics. This mutual compatibility could form cavity resonances and can induce an intrinsic optical response by creating an optical fi eld in any particular location in the object. The lasing from ZnO nanostructures has been usually considered as a result of the confi nement of light in a pair of parallel polar faces, called the Fabry-P é rot cavities. The wurtzite hexagonal ZnO nanowires have emerged as outstanding contenders for the optoelectronic nano-and micro-devices which offer a larger cavity length compared to nanorods, decrease the optical losses induced at the polar faces and have paved a way to produce another kind of optical resonance cavity, called whispering gallery modes (WGMs). Whispering gallery modes could adopt spring-like paths in the nanowires and produce high resonance through total internal refl ections in the resonator ' s boundaries. A number of the research articles are available in the literature regarding WGM lasing using diverse nanoscale morphologies which exhibit highly enhanced luminescence in the single-, planer-and three-dimensional nanomorphologies [137, 149 -154] .
Nobis et al. [155] reported that the position of the spectral maxima of the broad visible band collected from eight equidistant spots varies along the radius of the nanoneedles and appear as a result of the constructive inferences of light by fulfi lling the resonance condition of eqn (3), as shown in Figure 16 A,B. A strong relationship between the blue-shift in the maxima with the reduction of the diameter of nanoneedle provides a clear indication that these variations are related to WGMs. Moreover, it has been suggested that a discontinuous red-shifted spectral maximum at lower resonance (n-1) for lower energies occurs and continues until the last resonance n = 1 can be observed; only under the condition when spectral maxima leave the visible range (between 1.8 and 2.9 eV) due to the blue-shift in WGMs as shown in Figure  16C ,D. Whispering gallery modes based enhanced emission have been related to a strong localization near the boundary of resonant cavity where the electromagnetic waves circulate with negligible loss due to the multiple total internal Side-view optical microscope images of the lasing device, corresponding to the EL spectra in (A). The fi rst image was taken with lamp illumination and without current injection (reproduced with permission) [120] . refl ections at the resonator ' s boundary [156 -158] . The formation of the standing wave occurs with the continuous interference over the multiple circulations in WGM optical resonator. An expression for the constructive interference and to calculate the phase shift of total internal refl ection [155, 159] is given as:
a r c t a n 3 -4
where n is the index of refraction, λ is the wavelength of light, R i is the geometric parameter of optical resonator, N is the resonance interference order which is identical to the respective WGM number. The factor β refers to the polarization; β = n -1
for the transverse magnetic (TM) polarization and β = n for the transverse electric (TE) polarization. Photoluminescence spectrum reveals a number of highly resolved emission peaks with increasing excitation intensity and it is observed that highly linear enhancement in the emitted intensity has strong dependence on the excitation power, as shown in Figure 17 A. The experimental values of FWHM for microrods of diameters 3 and 7 µ m are founds to be 1.3 and 0.6 meV [160] and these experimental results depict good corroboration with the theoretical values of FWHM of the emission peaks showing an inverse proportion to the diameter of the microrods [156] . A good fi t comparison between the lasing spectrum of measured results from ZnO microrods of the diameter between 1 to 20 microns and the calculated peaks position of the plane wave model has been illustrated in Figure 17B . Scanning electron microscope and ellipsometry have been utilized for the precise measurements of the diameter of microrods with accuracy up till 50 nm and refractive index thin fi lm of ZnO. The WGM plane wave model consequently allows a good description of the observed lasing lines and depends on the understanding of modes in this important class of hexagonally shaped micro-resonators.
Conclusion
The huge possibility of the synthesis of linear-, planar-and three-dimensional ZnO nanostructures on the variety of crystalline/amorphous substrates and through diverse synthetic approaches has been reported. ZnO nanostructures are the most prominent and cheap inorganic nanoscale materials, along with the easiness of their fabrication, possessing numerous chemical and physical properties. Additionally, one-dimensional nanostructures (nanorods, nanowires, nanotubes, nanobelts and nanocones) of ZnO provide a unique platform for the renewed interest of electronic and photonic nanodevices. The superior spontaneous and stimulated emission characteristics of structures with reducing dimensions could be highly useful through their appropriate integration with present technology in the photonic industry. The low temperature bottom-up approaches for the synthesis of ZnO nanostructures paved the way to combine with a variety of p-type materials such as, inorganic crystals, cheap, fl exible and disposable substrates to achieve the white light emitting devices. Moreover, the optically and electrically excited emission from the nanostructures having the perfect geometry, appropriate dimensions and morphologies could develop the laser devices with Q-factor resonators. The versatile characteristics of the one-dimensional nanostructures and quest of the photonic devices will lead to the novel applications in the future.
